We describe and examine the interaction of Io with its plasma torus and the Jovian magnetic field in the context of several currently popular models. We address three specific matters. First, we discuss features implied by sub-Alfvenic flow which must be common to all models. Next, we examine the magnetic signature observed near Io by the Goddard Space Flight Center Voyager I magnetometer and point out that the preliminary estimate of 5 x 106 A current may be an overestimate. We obtain good fits with alternative current distributions which yield currents as small as 7 x 105 A through Io. The best fits are obtained for an Alfven Mach number (MA) of 0.15, but good fits are also found for 0.1 < MA < 0.25. Lastly, we point out the crucial role of charged particle data for probing the near Io interaction. We use published data from the low energy charged particle (LECP) detector to suggest that Io has an intrinsic magnetic field of magnitude comparable with earlier estimates. We make predictions which can test this picture as further data become available.
INTRODUCTION
Io, the innermost Galilean satellite of Jupiter has been recognized for nearly two decades as having a strong electromagnetic interaction with Jupiter itself; Bigg [1964] reported that Io modulated the intensity of radio waves in the decametric band emitted from Jupiter's vicinity. Goldreich and LyndenBell [1969] interpreted this as radiation associated with strong Birkeland (magnetic field aligned) currents flowing in the plasma between Io and Jupiter. The currents were believed to be set up because Io was a good conductor; the Jovian plasma on flux tubes intercepting Io would tend to move with Io and some source of energy would be needed to drag the flux tube feet through the Jovian ionosphere. Field-aligned currents transmit stress along the magnetic field and thus transfer momentum between Io and the Jovian ionosphere. A variety of scenarios for the Io-Jupiter interaction have been presented both before and since Goldreich and Lynden-Bell [1969] [Marshall and Libby, 1967; Webster et al., 1969; Gurnett, 1972; Shawhan, 1976; Goertz and Deift, 1973; Schatten and Ness, 1971 ], but the existence of a strong field-aligned current system which transmits stress between Io, the plasma in Io's vicinity, and the Jovian ionosphere has been a consistent feature of all models. Spacecraft exploration of the Jovian environment and of the magnetic shells in Io's vicinity in particular identified further important features of Io's interaction with the surrounding plasma. Radio occultation measurements by Pioneer 10 revealed that Io had an ionosphere [Kliore et al., 1975] . Webster et al. [1969] first suggested any currents carried by Io are likely to close through such a highly conducting region rather than through the solid part of the satellite. A second important plasma discovery was that Io was found to behave as a source of relatively low energy electrons (a few hundred keV energy) but as a sink at higher energies [Mcllwain and Fillius, 1975; Thomsen, 1979] .
The discovery of an ionosphere at Io raised some interesting questions. Cloutier et al. [1978] considerable problem in understanding how the ionosphere was retained. An ionosphere is highly conducting and so the corotating Jovian magnetospheric plasma should induce substantial currents there. Cloutier et al. [1978] showed the J x B forces produced in the ionosphere should exceed the gravitational forces holding the material to Io and there should be a constant efflux of ions into the magnetosphere. They thus proposed a cometary model for Io. We sympathize with many of their views but emphasize that if Io has an intrinsic magnetic field it is substantially easier to understand how it can retain an ionospheric envelope that moves with it. We put forward this possibility in an earlier paper of ours [Kivelson et al., 1979] and look at it further here. The magnetic pressure of an intrinsic Io magnetic field can stand off the ambient Jovian field and plasma in a manner similar to what happens at Earth where the solar wind plasma and field are stood off to form the terrestrial magnetospheric cavity. Io differs in one very significant way with respect to the obstacles formed by planetary objects in the solar wind. Io is embedded in a subAlfvtnic flow. This has several implications. Unlike the solar system magnetospheres we have directly sampled at Earth, Mercury, Jupiter, and Saturn or the ionospheric obstacle at Venus, Io has no shock in front of it. Concomitantly, pressure variations would be slight in its vicinity and flow perturbations are close to incompressible. This is true whether or not Io is magnetized and in either case similar flow perturbations are expected away from the immediate vicinity of the object.
Our earlier paper looked at Pioneer spacecraft data. Now the literature contains data from Voyager encounters with the Jovian environment. Voyager 1 passed about 20,000 km below Io and measured magnetic and particle flux changes directly attributable to Io's presence. Limited data are currently available but we analyze what has been published. We shall show that the orientation of Voyager's orbit relative to Io makes the energetic particle observations in Io's vicinity potentially a crucial means of distinguishing whether Io has an intrinsic magnetic field. As we show, currently published energetic particle data [Krimigis et al., 1979] The interaction discussed above and illustrated in Figure 1 assumes that the skin depth of the conductor is large compared with its dimension. As we point out later this is not true in every possible model of the Io interaction. At this stage in our argument a failure of the magnetic field to penetrate fully makes little difference to our physical picture.
The field-aligned currents that communicate the stress between conductor and plasma flow in the moving plasma. A change in field-aligned current propagates along the field with the Alfv6n velocity B/(/•)•/'; the only MHD wave mode that carries field-aligned current is the Alfv6n (or transverse) mode which is field guided [Dungey, 1968] For the aligned dipole case, the fields on either side of the magnetopause are close to parallel and roughly equal in magnitude. Very strong currents would not form on the magnetopause. This is not true in the situation where Io and Jupiter's dipoles are antiparallel. Although field strengths would be equal on each side of the upstream magnetopause, the field direqtions are opposite and very large currents would be required to flow in a region of very weak magnetic field to achieve this configuration. In this circumstance a discharge phenomenon commonly called reconnection occurs [Dungey, 1975] Second, the sheet current model is a zeroth order approximation to the current structure anticipated on physical arguments, and its parameters represent characteristic scale lengths. In Figures 8 to 11 , we show the modifications produced by systematically changing model parameters. Figure 8 shows the response of the peak perturbation field components as the sheet separation is changed. Figure 9 shows that the current density and the variation of the perturbation field near its maximum changes as the distance to the inner edge of the sheet increases. Figure 10 shows the result of radial displacement of the mid-plane of the current sheets. Figure 11 shows the minor modifications which result from increasing the length of the current sheet by almost a factor of 3. For each parameter set, the current has been adjusted to minimize the deviation between observations and predictions. Our search over parameter space has led us to conclude that the sheet separation must be of the order of Io's diameter and that the length of the sheets cannot be less than one Io diameter to obtain a reasonable fit. The fact that the measured perturbations would not be very different for long or short current sheets means that the magnetometer measurements cannot be used to distinguish between the short current sheets expected for the unmagnetized conductor (Figure 2 ) and the long current sheets anticipated for a reconnected magnetosphere (Fig-ß In using trajectory analysis to delimit the energies at which an Io signature should appear in measured particle fluxes, we have not specified the nature 9f the particle-moon interaction.
The effect we have discussed is purely geometrical for a specified flow velocity. Indeed, the minimum energy at which an Io signature is observed for different particle species should give independent evidence for the actual plasma flow velocity in the vicinity of Io.
For a range of energies near the minimum energy at which an Io signature is possible, the flux dropout may be sensitive to pitch angle. The effect is illustrated in Figure 15 , where por- We have pointed out that the particle fluxes described by Krimigis et al. [1979] If further analysis of particle data confirms the existence of a magnetic interaction at Io, it may be possible to establish whether Io has a large scale 'planetary' magnetic field, or whether particle mirroring is produced by crustal magnetization. The analysis of energetic particle pitch angle distributions has proved useful in the somewhat analogous study of the scale of magnetic anomalies on the Earth's moon [Lin et al., 1975] .
